The azimuthal single target-spin asymmetries for π + production in semi-inclusive deep inelastic scattering of leptons off longitudinally polarized protons are evaluated using two main approaches available in the literature. It is shown that the approximation where the twist-2 transverse quark spin distribution in the longitudinally polarized nucleon is small enough to be neglected leads to a consistent description of all existing asymmetries observed by the HERMES experiment.
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Introduction
Semi-inclusive deep inelastic scattering (SIDIS) of leptons off a polarized nucleon
is an important process to study the internal structure of the nucleon and its spin properties. In particular, measurements of azimuthal distributions of the detected hadron provide valuable information on hadron structure functions, quark-gluon correlations and parton fragmentation functions. A significant target-spin asymmetry of the distributions in the azimuthal angle φ of the pion related to the lepton scattering plane for π + electroproduction in a longitudinally polarized hydrogen target has been recently observed by the HERMES collaboration [1, 2] . At the same time the SMC collaboration has studied the azimuthal distributions of pions produced in deep inelastic scattering off transversely polarized protons and deuterons [3] . These results have been interpreted as the effects of naive "time-reversal-odd" (T-odd) fragmentation functions [4] [5] [6] [7] [8] , arising from non-perturbative hadronic final-state interactions. They have initiated a number of phenomenological approaches to evaluate these asymmetries using different input distribution and fragmentation functions [9] [10] [11] [12] [13] [14] [15] . Actually, there are two main approaches in the literature which aim at explaining the experimental data:
(i) The approximation where the twist-2 transverse quark spin distribution in the longitudinally polarized nucleon, h
1L (x), is considered small enough to be neglected [9] [10] [11] [12] . This results in good agreement with the Bjorken-x behavior of the sinφ and sin2φ asymmetries observed at HERMES. Note, that this does not require the twist-3 interactiondependent part of the fragmentation function,H(z), to be zero.
(ii) The approximation where the contribution of the interaction-dependent twist-3 term,h L (x), in the distribution function h L (x) is assumed to be negligible, butH(z) is not constrained [10] .
Another approximation, where only the twist-2 distribution and fragmentation functions are used, i.e. the interaction-dependent twist-3 parts of distribution and fragmentation functions are neglected, was proposed earlier [14, 15] . For certain values of parameters this results in good agreement with the HERMES data [1] . However, it leads to the inconsistency that all T-odd fragmentation functions would be required to vanish [6, 16] . Thus, in following we do not consider it anymore.
In this paper we provide an analysis in the framework of the two above given approximations to evaluate the single target-spin sin φ and sin 2φ asymmetries for π + production observed at HERMES [1, 2] in semi-inclusive deep inelastic scattering of leptons off longitudinally polarized protons.
The paper is organized as follows: In Sec. 2 we define the single spin azimuthal asymmetries and the involved twist-2 and twist-3 distribution and fragmentation functions. In Sec. 3 we analyze the numerical results on the sin φ and sin 2φ asymmetries. In Sec. 4 we summarize the results.
Single spin asymmetries in
The kinematics of the process (1) is illustrated in Fig. 1 :
is the 4-momentum of the incoming (outgoing) charged lepton, Q 2 = −q 2 , where q = k 1 − k 2 , is the 4-momentum of the virtual photon. P (P h ) is the momentum of the target (observed) hadron, x = Q 2 /2(P q), y = (P q)/(P k 1 ), z = (P P h )/(P q), k 1T is the incoming lepton transverse momentum with respect to the virtual photon momentum direction, and φ is the azimuthal angle between P hT and k 1T around the virtual photon direction. Note that the azimuthal angle of the transverse (with respect to the virtual photon) component of the target polarization, φ S , is equal to 0 (π) for the target polarized parallel (anti-parallel) to the beam [17] .
The sin φ and sin 2φ moments in the SIDIS cross-section can be related to the parton distribution and fragmentation functions involved in the parton level description of the underlying process [5, 6] . These moments are defined as appropriately weighted integrals over P hT (the transverse momentum of the observed hadron) of the cross section asymmetry:
Here +(−) denotes the anti-parallel (parallel) longitudinal polarization of the target and M (M h ) is the mass of the target (final hadron).
The weighted single target-spin asymmetries defined above are related to the ones measured by HERMES [1] through the following relations:
where the subscripts U and L indicate unpolarized beam and longitudinally polarized target, respectively. These asymmetries are given by [5, 6, 17] 3
where
Here the components of the longitudinal and transverse target polarization in the virtual photon frame are denoted by S L and S T x , respectively. Twist-2 distribution and fragmentation functions have a subscript '1': f 1 (x) and D 1 (z) are the usual unpolarized distribution and fragmentation functions, while h
1L (x) and h 1 (x) describe the quark transverse spin distribution in longitudinally and transversely polarized nucleons, respectively. The interaction-dependent part of the twist-3 distribution function in the longitudinally polarized nucleon, h L (x) [18] , is denoted byh L (x) [19, 20] .
For approach (i), where the twist-2 transverse quark spin distribution in the longitudinally polarized nucleon, h
1L (x), is set to zero, it follows:
In approach (ii) the interaction-dependent twist-3 part,h L (x), of the twist-3 distribution function, h L (x), is set to zero and hence [19, 20] :
It is worth noting here that calculations performed in the instanton model of Quantum Chromodynamics [21] indicate the parametric smallness of the twist-3 contribution to the polarized structure function, while in the bag model this twist-3 contribution is comparable to the twist-2 contribution at small Q 2 [19, 22] .
The spin-dependent fragmentation function H ⊥(1) 1 (z), describing transversely polarized quark fragmentation [4] , correlates the transverse spin of a quark with a preferred transverse direction for the production of the pion. The fragmentation functionH(z) is the interaction-dependent part of the twist-3 fragmentation function, H(z), [6] 
The distribution and fragmentation functions with superscript (1) denote p
T -moments, where p T , k T are the intrinsic transverse momenta of the initial and final quark, respectively.
Numerical results
For the numerical calculations in this work the non-relativistic approximation h 1 (x) = g 1 (x) is used as a lower limit 4 , and h 1 (x) = (f 1 (x) + g 1 (x))/2 as an upper limit [27] . For the sake of simplicity, Q 2 -independent parameterizations were chosen for the distribution functions f 1 (x) and g 1 (x) [28] .
To obtain the T-odd fragmentation function H ⊥(1) 1 (z), the Collins ansatz [4] for the analyzing power of transversely polarized quark fragmentation was adopted:
where η is taken as a constant, although, in principle it could be z dependent. For the distribution of the final parton intrinsic transverse momentum, k T , in the unpolarized fragmentation function D 1 (z, k 2 T ), a Gaussian parameterization was used [29] with z 2 k 2 T = b 2 (in the numerical calculations b = 0.36 GeV was taken [30] ). For D π + 1 (z), the parameterization from Ref. [31] was adopted. In Eq.(14) M C is a typical hadronic mass whose value ranges from 2m π to M p .
It is important to point out here that the T-odd fragmentation function calculated with the Collins ansatz (Eq. (14)) at a reasonable value of the parameter M C (M C = 2m π ) with η = 1.0, turns out to be in very good agreement with the parameterization [10, 32] that was based on a fit of pp ↑ → πX experimental data [33] . In our calculations a good agreement with HERMES results was achieved at that value of M C , with η = 0.8. This value of η may indicate possible contributions of other mechanisms [34, 35] in pp ↑ → πX. In Fig. 2 , the asymmetry A sin φ U L (x) of Eq.(4) for π + production on a proton target evaluated within the two approaches described in the Sec. 1, is presented as a function of 4 In the non-relativistic quark model h 1 (x, µ 2 0 ) = g 1 (x, µ 2 0 ). Several models suggest that h 1 (x) is close to g 1 [19, 23, 24] . The evolution properties of h 1 and g 1 , however, are very different [25] . At the Q 2 values of the HERMES measurement the assumption h 1 = g 1 is fulfilled at large, i.e. valence-like, x values, while large differences occur at lower x [26] .
Bjorken-x and compared to HERMES data [1] , which correspond to 1 GeV 2 ≤ Q 2 ≤ 15 GeV 2 , 4.5 GeV ≤ E π ≤ 13.5 GeV, 0.02 ≤ x ≤ 0.4, 0.2 ≤ z ≤ 0.7, and 0.2 ≤ y ≤ 0.8. The curves have been calculated by integrating over the HERMES kinematic range taking P hT = 0.365 GeV and P From Fig. 2 it can be concluded that there is good agreement between results of the approach (i) and the HERMES data. The results of approach (ii) appear too low.
Note that the 'kinematic' contribution to A sin φ U L (x), coming from the transverse component of the target polarization with respect to the virtual photon direction and given by I 1T (Eq. (10)), is about (45 − 50)% in approach (ii). In approach (i), where the twist-3 part of the fragmentation functions does not contribute (because of h ⊥ (1) 1L (x) ≈ 0) [9] [10] [11] [12] , it amounts to 25%.
The z dependence of the asymmetry A sin φ U L is shown in Fig. 3 and compared with HER-MES preliminary data [2] , which here extend up to z = 1. In approach (i) the sin φ asymmetry increases with z and is in good agreement with data up to z = 0.8. The sharp decrease of data for higher z values reflects the transition from the semi-inclusive to the exclusive regime which requires a different investigation. In this respect our calculations are limited to z ≤ 0.9. In approach (ii) the behavior of the asymmetry is quite different from that in approach (i) and fails to describe the experimental data already above z ≈ 0.5.
Finally, in Fig. 4 the asymmetry A sin 2φ U L of Eq. (5) is presented for π + production on a proton target as a function of Bjorken-x and compared to HERMES data [1] . Approach (ii), where h ⊥ (1) 1L (x) = 0, leads directly to A sin 2φ U L = 0 in better agreement with the data. The curves from approach (ii) are also compatible with the data, taking into account their total accuracy. Clearly, more accurate data will better constrain the phenomenological predictions. It is worth mentioning that by changing the parameters of the input functions it is possible to increase the magnitude of the |A sin φ U L | asymmetry calculated in the approach (ii). However, this also modifies the z-dependence leading to a stronger disagreement with the data, and also increases the magnitude of the calculated asymmetry |A sin 2φ U L | deteriorating the compatibility with the data.
In addition we note that approach (i) well describes the P hT dependence of A sin φ U L observed at HERMES [36] , too.
Conclusions
We have evaluated the A 
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We thank Daniel Boer, Bob Jaffe, Aram Kotzinian and Piet Mulders for interesting discussions. The work of K.A.O. was in part supported by INTAS contributions (contract numbers 93-1827 and 96-287) from the European Union. for π + production as a function of Bjorken x, evaluated using the same parameters as in Fig. 2 . The curves have the same notations as in the Fig. 2 ; the line at A sin 2φ U L = 0 corresponds to the result of approach (i). Data are from Ref. [1] .
